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Abstract 
This work presents the study of the variability of foF2 and hmF2 at a low latitude station in South 
America (Tucumán, 26.9°S, 294.6°E; magnetic latitude 15.5°S, Argentina). Ground based 
ionosonde measurements obtained during different seasonal and solar activity conditions (a year of 
low solar activity, 2009 and one of high solar activity, 2016) are considered in order to compare 
the ionospheric behavior. The parameters used to analyze the variability are the median, upper and 
lower quartiles. In addition, the foF2 values are compared with those estimated by the International 
Reference Ionosphere (IRI) - 2016 model. It is found that: a) A clear dependence on solar activity 
is observed in foF2 and hmF2, both increase with increase in solar activity. b) the variability of 
foF2 is higher at low solar activity, this behavior is not observed in hmF2 that present similar 
variability during both periods. c) the variability of foF2 is larger at night than during the day, this 
behavior is more pronounced during the high solar activity period. d) The variability of foF2 is 
higher than that of hmF2. e) Significant planetary wave spectral peaks at about 2 and 5 days are 
observed at high and low solar activity. f) In general, IRI overestimates foF2 during daytime, and 
underestimates it at post-sunset period, a better agreement is shown during nighttime. 
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1. Introduction 
The ionosphere is the ionized region of the 
atmosphere that extends from 60 km up to 
1000 km. It is divided into different regions 
or layers: D, E, F1 and F2, according to the 
neutral composition and the source of 
ionization at different heights (Kelley, 2009). 
The ionosphere is a dispersive medium that 
causes a time delay or phase advance in radio 
signals of ground-space communications, 
Global Navigation Satellite System (GNSS), 
satellite altimeters, and space-based radars 
(Sales, 1992; Davies, 2008). The ionospheric 
parameters such as electron density, ion 
composition, temperature, etc. vary with the 
solar-cycle. This complex variability is not 
completely understood. The F2 layer (250 
km above sea level) has the highest electron 
density in the ionosphere; therefore, the 
variation of the F2-region electron density 
distribution greatly affects the propagation of 
the radio waves. The maximum electron 
density of the ionosphere, NmF2, occurs at 
the peak height hmF2, and is related to the F2 
critical frequency, foF2, as NmF2 = 1.24 x 
1010foF22. NmF2 is in electrons per cubic 
meter and foF2 is in megahertz. The 
variations in foF2 indicate the events 
occurring there.  
A good description of the variability of 
ionospheric magnitudes, such as the F2-layer 
peak characteristics foF2 and hmF2, is 
perhaps the biggest challenge for ionospheric 
forecasters and is needed to improve the 
performance of the ionospheric models. The 
forecasting methods also depend on the 
understanding of the physics of the 
magnetosphere-ionosphere-thermosphere 
coupling mechanisms and on successful solar 
and magnetospheric predictions. The aim of 
the forecasters is to predict the day to day 
variability of the ionosphere so advances in 
ionospheric research are fundamental, 
especially at the F layer, which is the 
principal reflecting layer for long distance 
HF communications and navigation (Altinay 
et al., 1997; Kumluca et al., 1999; Meza 
et al., 2000; Strangeways et al., 2009; Shim 
et al., 2012). Many techniques have been 
developed for ionospheric forecasting: 
empirical approaches based on statistical 
models such as the autocorrelation method 
(ACM) or the Geomagnetically Correlated 
Autoregression Model (GCAM) (Mikhailov 
et al., 2007); artificial neural network (ANN) 
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methods that use time series prediction 
capabilities of artificial intelligence 
techniques for ionospheric prediction, for 
example the neural network based 
autoregressive model with additional inputs 
(X) (NNARX)(Altinay et al., 1997; Kumluca 
et al., 1999; Wintoft and Cander, 2000; 
Oronsaye et al., 2014); Forecasting maps 
such as the Short-Term Ionospheric 
Forecasting (STIF) an operational tool based 
on continuous monitoring of the ionosphere 
and developed at Rutherford Appleton 
Laboratory, Chilton, UK, that produces 
forecast maps of ionospheric parameters for 
the European region.  
The waves in the neutral atmosphere, their 
interactions and modulations also affect the 
ionosphere and the ionospheric predictions. 
Therefore, it is useful to know when it is 
necessary to take the wave-type oscillations 
into account. These waves are: planetary 
waves with periods of about 2–30 days, tidal 
waves with periods of 24 and 12 hours for 
solar tides and 14.75 days for the lunar 
semidiurnal tide, gravity waves with periods 
between several minutes and a few hours and 
infrasonic waves with periods from about 1 s 
to a few minutes (Whitehead, 1971; 
Laštovička, 2006; Alam Kherani et al., 2009; 
Eccles et al., 2011; Abdu, 2016). The waves 
are an important component of low‐latitude 
ionosphere variability and their impact can be 
studied using ionospheric parameters such as 
foF2, h´F (minimum virtual height of the F 
trace), hmF2 or NmF2 (Ogawa et al., 2006; 
Chum et al., 2014; de Abreu et al., 2014). 
In this work, the International Reference 
Ionosphere (IRI) model is used. It is a data-
based empirical model and is an international 
standard for the parameters in the earth´s 
ionosphere. This model is based on 
worldwide available data from various 
sources like ionosondes, incoherent scatter 
radars, rockets and satellites. It is maintained 
and revised by an international working 
group established by the Committee on Space 
Research (COSPAR) and the International 
Union of Radio Science (URSI) (Bilitza 
et al., 2011). Its development started in 1978, 
since then many improvements have been 
made, its latest version is IRI-2016 (Bilitza 
et al., 2017). 
It is also important to consider the location 
(latitude and longitude) of the ionosonde 
used for the analysis since some models do 
not have good performance in all latitudes. 
Latitude is the angular distance from the 
solar equator, measured north or south along 
the meridian and longitude is the angular 
distance from a standard meridian (0 degrees 
heliographic longitude), measured from east 
to west (0 to 360 degrees) along the Sun’s 
equator. In aeronomy, it is habitual to use the 
geomagnetic latitude; this coordinate has the 
same relation to the geomagnetic dipole 
equator as geographic latitude does to the 
geographic equator. According to this 
coordinate, the ionospheric behavior is 
divided into three main regions: low latitudes 
where geomagnetic latitude is between 0° 
and 20°on each side of the magnetic equator, 
mid latitudes where geomagnetic latitude is 
between 20° and 60° on each side of the 
magnetic equator and high latitude where 
geomagnetic latitude is between 60° and 90° 
on each side of the magnetic equator (Zolesi 
and Cander, 2014). The IRI model offers 
accurate modeled ionospheric parameters at 
mid-latitudes, but comparison with 
observational data at low latitudes has 
brought out some discrepancies.  
In the present work, variations in foF2 and 
hmF2 data from an ionosonde station at 
Tucumán-Argentina (26.9 ° S, 294.6 ° E, lat 
Geomagnetic 15.5°S) are examined during 
two different solar-activity periods: low solar 
activity and high solar activity, by using the 
median and quartiles. Furthermore, 
atmospheric waves effects in the ionosphere 
are identified in the ionosonde data. Finally, 
foF2 values are compared with the 
corresponding output given by the IRI. 
 
2. Data and Method of analysis  
Several indexes have been used to study the 
variability of foF2. The most common 
methods adopted are the mean (μ) and the 
standard deviation (σ) in case of a normal 
distribution; however, if the distribution is 
not normal the upper quartile (Qup) and the 
lower quartile (Qlo) are used to specify the 
dispersion from the central value (median) 
(Spiegel, 1976). The standard deviation is a 
good measure to describe the variability of 
the ionosphere, but it is very difficult to 
interpret in terms of probability since you 
cannot be sure that the distribution of the data 
is a Gaussian (Bilitza et al., 2004). Using the 
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In addition, an analysis of the ionospheric 
behavior during aphelion and perihelion is 
performed. Small differences were expected 
since the magnitude of the change in the 
Earth-Sun distance between these two 
positions is approximately 3%. A comparison 
of the interquartile difference during the 
aphelion (July) and the perihelion (December 
is used because there is no data for January) 
suggests that the variability of foF2 is 
slightly higher during the aphelion for high 
and low solar activity, specially between 12 
and 18 LT, while the difference in the 
variability of hmF2 is not significant. 
 
3-2. Atmospheric waves  
Additionally, foF2 data was used to  
identify the ionospheric effects of waves  
in the neutral atmosphere. Figure 14 shows 
the Lomb-Scargle periodogram for autumn, 
winter and spring for LSA (2009) and HSA 
(2016) for a period range of 1 – 20 days. It  
is possible to see, planetary wave-like 
oscillations during all the seasons studied. 
For LSA, in autumn waves periods are 13.8, 
8.3, 6, 3.6 and 2.6 days; in winter 2.6, 14.7, 
7.3, 11 and 4.6 days; and in spring 2, 6  
and 11 days. For HSA, in autumn the periods 
observed are 18, 3, 5.2, 2 and 8 days;  
in winter 3.3, 5.4, 2, 15 and 9.5 days; and  
in spring 14.4, 10.3, 5.5 and 3 days. For  
both periods of solar activity and for the  
three seasons, significant planetary wave 
spectral peaks at about 2 and 5 days are 
observed. 
The typical relative amplitudes (amplitude 
divided by foF2) of planetary wave type 
oscillations are about 7% for LSA and 6% for 
HSA, but extreme values reach ~ 16% for 
LSA and ~10% for HSA. The planetary 
wave type oscillation amplitudes in foF2 are 
minima (of the order of 0.1 MHz) during 
winter specially for LSA and could be 
neglected for practical purpose like 
ionospheric predictions.  
The analysis of foF2 data for 16 months of 
2009 and 2016 also reveal the effects of tidal 
waves in the F2 region ionosphere. The 
periodograms present pronounced peaks at 
20 – 23 hours for LSA and at 22 – 24 hours 
for HSA, these modulations are probably 
driven by solar tides. The behavior is similar 
for all the months analyzed. Besides, the 14 – 
15-day modulation in foF2 observed in 
winter and spring during HSA and in winter 
LSA could be associated to a lunar 
semidiurnal tide. 
 
3-3. Comparison with IRI-2016 
Comparing the IRI model with observed data 
is useful for its improvement, especially at 
low latitudes. For that reason, the values of 
foF2 measured with the ionosonde of 
Tucumán and those obtained with the IRI-
2016 model for nine months of 2009 and 
2016 are compared. In this study, URSI is 
used, the ABT-2009 option is adopted for the 
bottom side thickness B0, and the NeQuick 
model is selected for the topside profile. 
Figures 15 and 16 show the temporal 
variability of the observed critical frequency 
(Exp foF2) and the modeled frequency (IRI 
foF2) for March, April, May, June, July, 
August, September, October and December 
2009 (Low solar activity) and 2016 (High 
solar activity). It is observed that the IRI 
foF2 values are higher for the high solar 
activity period than for the low solar activity 
period, a behavior that agrees with the 
observations. On the other hand, the seasonal 
trend is similar; IRI foF2 and Exp foF2 are 
higher during spring and autumn than winter 
(semiannual anomaly). The peak values of 
IRI foF2 appear before that of Exp foF2 in 
most months and the largest time difference 
is 4 hours. IRI overestimates foF2 values 
between 5LT and approximately 15LT, while 
underestimates them between 16LT and 0LT 
for all months of 2009 and for March, April, 
August, September and October 2016. 
Between 0LT and 05LT, the agreement 
between observations and IRI values is very 
good, that is higher discrepancy exists for 
daytime than for nighttime and morning. 
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4. Conclusion  
The present study examines the behavior of 
foF2 and hmF2 in three seasons during  
low and high solar activity. The data  
is obtained by an ionosonde measurements 
over a low latitude station at Tucuman-
Argentina. (26.9 ° S, 294.6 ° E, magnetic 
latitude 15.5 ° S). Furthermore, the observed 
values are compared with the IRI-2016 
modeled values using URSI option. 
- A clear solar activity dependence is 
observed in foF2 and hmF2, both parameters 
increase with an increase in solar activity, 
except during December when foF2 data 
under low solar activity and high solar 
activity are very similar.  
- The variability of foF2 is higher at low 
solar activity. This is not observed in hmF2, 
which present similar values under both 
periods. 
- In general, the variability of foF2 is larger 
at night than during the day, this behavior is 
more pronounced during the high solar 
activity period. The variability of hmF2 is 
similar during all day, with a small increase 
between 8 and 10 LT under high solar 
activity. 
- The semiannual anomaly is present 
irrespective of solar activity. 
- In general, the variability of foF2 is higher 
than that of hmF2. 
- Significant planetary wave spectral peaks at 
about 2 and 5 days are observed for high and 
low solar activity. 
A possible reason of the larger variability 
under low solar activity is that electron 
density of the F2 layer is maximum during 
high solar activity, it is saturated and, 
therefore, the ionization is maximum, so the 
electron density is more stable than during 
low solar activity and the variability is 
smaller. The same happens during daytime, 
where due to the presence of the sun, the 
ionization is higher than during the 
nighttime, and there is less variability. 
When comparing the observed values with 
the IRI-2016 model, it is observed that, IRI 
modeled values followed well the general 
trend for seasons under both high and low 
solar activity period, foF2 is higher in 
autumn and spring than in winter. The 
highest discrepancy occurs during daytime, 
where in general, IRI overestimates foF2. 
During post-sunset period, IRI 
underestimates foF2, and it shows a better 
agreement during nighttime. On the other 
hand, IRI modeled values are higher under 
high solar activity than during low solar 
activity, it coincides with the experimental 
observations. 
 
References 
Abdu, M. A., 2016, Electrodynamics of 
ionospheric weather over low latitudes. 
Geosci. Lett. [Internet] 3:11. Available 
from: http://www.geoscienceletters.com/ 
content/3/1/11. 
De Abreu, A. J., Fagundes, P. R., Bolzan, M. 
J. A., Gende, M., Brunini, C., De Jesus, 
R., Pillat, V. G., Abalde, J. R. and Lima, 
W. L. C., 2014, Traveling planetary wave 
ionospheric disturbances and their role in 
the generation of equatorial spread-F and 
GPS phase fluctuations during the last 
extreme low solar activity and comparison 
with high solar activity. J. Atmos. Solar-
Terrestrial Phys. [Internet] 117:7-19. 
Available from: http://dx.doi.org/10.1016/ 
j.jastp.2014.05.005. 
Alam Kherani, E., Abdu, M. A., De Paula, E. 
R., Fritts, D. C., Sobral, J. H. A. and De 
Meneses, F. C., 2009, The impact of 
gravity waves rising from convection in 
the lower atmosphere on the generation 
and nonlinear evolution of equatorial 
bubble. Ann. Geophys. [Internet] 
27:1657-1668. Available from: www.ann-
geophys.net/27/1657/2009. 
Altinay, O., Tulunay, E. and Tulunay, Y., 
1997, Forecasting of ionospheric critical 
frequency using neural networks. 
Geophys. Res. Lett. [Internet], 24:1467. 
Available from: http://doi.wiley.com/ 
10.1029/97GL01381. 
Bilitza, D., Altadill, D., Truhlik, V., Shubin, 
V., Galkin, I., Reinisch, B. and Huang, X., 
2017, International Reference Ionosphere 
2016: From ionospheric climate to real-
time weather predictions. Sp. Weather 
[Internet] 15:418-429. Available from: 
http://doi.wiley.com/10.1002/2016SW001
593. 
Bilitza, D., McKinnell, L. A., Reinisch, B. 
and Fuller-Rowell, T., 2011, The 
international reference ionosphere today 
and in the future. J. Geod. [Internet], 
85:909-920. Available from: 
http://link.springer.com/10.1007/s00190-
Variability of F2-layer peak characteristics at low latitude in Argentina for …                   163 
010-0427-x. 
Bilitza, D., Obrou, O. K., Adeniyi, J. O. and 
Oladipo, O., 2004, Variability of foF2 in 
the equatorial ionosphere. Adv. Sp. Res. 
[Internet], 34:1901-1906. Available from: 
http://linkinghub.elsevier.com/retrieve/pii/
S0273117704007094. 
Chum, J., Bonomi, F. A. M., Fišer, J., 
Cabrera, M. A., Ezquer, R. G., Burešová, 
D., Laštovička, J., Baše, J. and Hruška, F., 
2014, Propagation of gravity waves and 
spread F in the low-latitude ionosphere 
over Tucumán, Argentina, by continuous 
Doppler sounding: First results. J. 
Geophys. Res. Sp. Phys. [Internet], 
119:6954-6965. Available from: 
http://gateway.webofknowledge.com/gate
way/Gateway.cgi?GWVersion=2&SrcAut
h=ORCID&SrcApp=OrcidOrg&DestLink
Type=FullRecord&DestApp=WOS_CPL
&KeyUT=WOS:000344809600068&Key
UID=WOS:000344809600068%0Ahttp://
doi.wiley.com/10.1002/2014JA020184. 
Davies, K., 2008, Ionospheric Radio. 
London, United Kingdom: The Institution 
of Engineering and Technology. 
Eccles, V., Rice, D. D., Sojka, J. J., 
Valladares, C. E., Bullett, T. and Chau, J. 
L., 2011, Lunar atmospheric tidal effects 
in the plasma drifts observed by the Low-
Latitude Ionospheric Sensor Network. J. 
Geophys. Res. Sp. Phys., 116:1-8. 
Ezquer, R. G., Mosert, M., Corbella, R., 
Erazù, M., Radicella, S. M., Cabrera, M. 
and De La Zerda, L., 2004, Day-to-day 
variability of ionospheric characteristics 
in the American sector. Adv. Sp. Res., 
34:1887-1893. 
Kelley, M. C., 2009, The Earth’ s Ionosphere 
Second Edition. Elsevier. 
Kumluca, A., Tulunay, E. and Topalii, I., 
1999, Temporal and spatial forecasting of 
ionospheric critical frequency using 
neural networks. 34:1497-1506. 
Laštovička, J., 2006, Forcing of the 
ionosphere by waves from below. J. 
Atmos. Solar-Terrestrial Phys. [Internet], 
68:479-497. Available from: 
http://linkinghub.elsevier.com/retrieve/pii/
S1364682605002579. 
Meza, A., Brunini, C. and Kleusberg, A., 
2000, Global ionospheric models in three 
dimensions from GPS measurements: 
Numerical simulation. Geofísica Int., 
39:21-27. 
Mikhailov, A. V., Depuev, V. H. and 
Depueva, A. H., 2007, Short-Term fo F2 
Forecast: Present Day State of Art. En: 
Springer, Dordrecht, p 169-184, Available 
from: http://link.springer.com/10.1007/1-
4020-5446-7_16. 
Ogawa, T., Otsuka, Y., Shiokawa, K., Saito, 
A. and Nishioka, M., 2006, Ionospheric 
Disturbances Over Indonesia and Their 
Possible Association With Atmospheric 
Gravity Waves From the Troposphere. J. 
Meteorol. Soc. Japan [Internet], 84A:327-
342. Available from: 
http://www.scopus.com/inward/record.url
?eid=2-s2.0-
33748458077&partnerID=tZOtx3y1. 
Oronsaye, S. I., McKinnell, L. A. and 
Habarulema, J. B., 2014, A new global 
version of M(3000)F2 prediction model 
based on artificial neural networks. Adv. 
Sp. Res. [Internet], 53:371-386. Available 
from: http://www.sciencedirect.com/ 
science/article/pii/S0273117713007072. 
Sales, G. S., 1992, High Frequency (HF) 
radiowave propagation. Lowell, 
Massachusetts. 
Shim, J. S., Kuznetsova, M., Raster, L., 
Bilitza, D., Butala, M., Codrescu, M., 
Emery, B. A., Foster, B. and Fuller-
Rowell, T. J., 2012, CEDAR 
electrodynamics thermosphere ionosphere 
(ETI) challenge for systematic assessment 
of ionosphere/thermosphere models: 
Electron density, neutral density, NmF2, 
and hmF2 using space based observations. 
Sp. Weather 10. 
Spiegel, M. R., 1976, Teoría y problemas de 
Probabilidad y Estadística. McGraw-Hill. 
Strangeways, H. J., Kutiev, I., Cander, L. R., 
Kouris, S., Gherm, V., Marin, D., De La 
Morena, B., Pryse, S. E. and Perrone, L., 
2009, Near-Earth space plasma modelling 
and forecasting. Ann. Geophys., 52:255-
271. 
Whitehead, J. D., 1971, Ionization 
Disturbances Caused by Gravity Waves in 
the Presence of an Electrostatic Field and 
Background Wind. J. Geophys. Res., 
76:238-241. 
Wintoft, P. and Cander, L. R., 2000, 
Ionospheric foF2 storm forecasting using 
neural networks. Phys. Chem. Earth, Part 
C Solar, Terr. Planet. Sci. [Internet], 
164                                 Journal of the Earth and Space Physics, Vol. 45, No. 4, Winter 2020 
25:267-273. Available from: 
http://linkinghub.elsevier.com/retrieve/pii/
S1464191700000155. 
Zolesi, B. and Cander, L.R., 2014, 
Ionospheric Prediction and Forecasting. 
 
 
 
 
 
 
